
Ž .European Journal of Pharmacology 405 2000 199–206
www.elsevier.nlrlocaterejphar

The role of CRF receptor subtypes in stress-induced behavioural
responses

Gennady N. Smagin, Adrian J. Dunn)

Department of Pharmacology and Therapeutics, Louisiana State UniÕersity Health Sciences Center, ShreÕeport, LA, USA

Accepted 28 June 2000

Abstract

Ž .The actions of corticotropin-releasing factor CRF and CRF-related peptides in the brain and periphery are mediated through multiple
receptors. Two CRF receptor subtypes that differ markedly in their pharmacological profiles and anatomical distribution have been
identified and characterized. Important advances have been made in understanding CRF and its actions through the development of
specific CRF receptor antagonists, application of antisense oligonucleotides, and the production of transgenic mice lacking functional
CRF receptors. This chapter describes recent findings with respect to CRF-related peptides and CRF receptors and their role in1

stress-induced behaviours. q 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Stress, a common factor in everyday life, is associated
with many problems, including exacerbation of psychiatric
diseases. It was David de Wied who first recognized that
components of the hormonal cascade known as the hy-
pothalamo-pituitary-adrenocortical axis and thought to be a
critical physiological response in stress, had biological
activities other than their endocrine ones. His classic work

Ž .showed that both adrenocorticotrophic hormone ACTH
and vasopressin had behavioural activity. Nevertheless, the
effects of ACTH and vasopressin were comparatively sub-
tle, and not all researchers were convinced that these
behavioural activities were physiologically significant. In

Ž .1981, Vale et al. 1981 completed the sequencing and
Ž .synthesis of corticotropin-releasing factor CRF . With the

availability of the synthetic peptide, it rapidly became
Žapparent that CRF had potent behavioural activity Koob

.and Bloom, 1985 which was more clearly related to the
effects of stress than those associated with ACTH or
vasopressin. Thus, it is apt to honour David with this
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update on the behavioural activities of CRF and the mech-
anisms involved.

CRF is a mediator of endocrine, autonomic and immune
Žresponses in stress De Souza, 1995; Dunn and Berridge,

.1990; Owens and Nemeroff, 1991; Vale et al., 1981 and it
has been suggested that CRF may also coordinate auto-
nomic and behavioural responses in stress, including anxi-
ety-like behaviours, food intake, arousal, learning and

Žmemory De Souza, 1995; Dunn and Berridge, 1990;
Heinrichs and Richard, 1999; Koob and Bloom, 1985;

.Liang and Lee, 1988; Sutton et al., 1982 . In the past 5
years, there have been important advances in understand-
ing the physiology of the CRF system and its response to
stress. Receptors mediating the action of CRF have been
identified and cloned, and their distribution in the brain

Žand peripheral organs has been characterized Chalmers et
.al., 1995; Lovenberg et al., 1995a; Sanchez et al., 1999 .´

Also, urocortin, a newly discovered peptide of the CRF
family, has been identified in the brain and peripheral

Žorgans of mammals Donaldson et al., 1996; Kageyama et
.al., 1999; Vaughan et al., 1995 .

The role of CRF receptor subtypes in emotional pro-
cesses and its relation to depression and anxiety be-

Žhaviours has been recently reviewed Holsboer, 1999;
.Steckler and Holsboer, 1999 . The purpose of this article is

to highlight recent findings on the role of different compo-
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nents of the CRF system in the behavioural responses to
stress, and in particular, the roles of the distinct CRF
receptor subtypes.

2. Anatomy of the CRF system

2.1. Peptides: CRF and urocortin

The anatomy of the CRF system has been described in
Ždetail Sawchenko and Swanson, 1985, 1990; Swanson et

.al., 1983 and is summarized in Fig. 1. High densities of
CRF-immunoreactive neurons have been found in the par-
aventricular nucleus of the hypothalamus, the major locus
of CRF-containing cell bodies. Hypothalamic CRF is re-
leased into the portal vessels and is carried in the blood to
the anterior pituitary from which it activates the release of

Ž .ACTH Vale et al., 1981 triggering the activation of the
hypothalamo-pituitary-adrenocortical axis. Extrahypothala-
mic CRF-containing neurons have been found in the cen-
tral nucleus of the amygdala, the bed nucleus of the stria
terminalis, the lateral hypothalamic area, the parabrachial
nucleus, the hippocampus, the nucleus accumbens, and the

Žcerebellum Merchenthaler et al., 1982, 1983, 1984;
Sakanaka et al., 1987; Sawchenko and Swanson, 1985;

.Swanson et al., 1983 .
Ž .Vaughan et al. 1995 characterized another member of

the CRF family in mammals and named it urocortin,
Žbecause the peptide is related to urotensin 63% sequence

. Ž . Ž .identity and CRF 45% sequence identity Table 1 . The
major sites of urocortin mRNA expression in the rat brain
are the Edinger–Westphal nucleus, with lesser amounts in
the lateral superior olive, the hippocampus, the basal gan-
glia, the medial septum, the paraventricular nucleus of the

ŽFig. 1. Comparison of the brain distribution of CRF- and urocortin-immunoreactive cells in the rodent brain. Data taken from Behan et al., 1996; Kozicz
. Ž .et al., 1998; Yamamoto et al., 1998; Yanaihara et al., 1997 . All abbreviations are taken from Paxinos and Watson’s 1982 Brain atlas.
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Table 1
Homology of CRF peptide family
Amino acid sequences of the CRF-like peptides. Identical amino acids are set in boldface type.

Humanrrat CRF S E E P P I S L D L T F H L L R E V L E MA R A E Q L A Q Q A H S N R K L ME I I
Rat urocortin D D P P L S I D L T F H L L R T L L E L A R T Q S Q R E R A E Q N R I I F D S V
Urotensin I N D D P P I S I D L T F H L L R N MI E MA R I E N E R E Q A G L N R K Y L D E V
Sauvagine Z G P P I S I D L S L E L L R K MI E I E K Q E K E K Q Q A A N N R L L L D T I

Žhypothalamus, and the lateral hypothalamus Vaughan et
.al., 1995; Wong et al., 1996 . Immunohistochemical stud-

ies using an antibody specific for urocortin, found
immunoreactivity in the supraoptic, ventromedial hypotha-
lamic nuclei, the paraventricular nucleus of the hypothala-
mus, the dorsal tegmental nucleus, the dorsal raphe nuclei
and the substantia nigra. The most abundant urocortin-im-
munoreactive perikarya were found in the Edinger–West-

Ž .phal nucleus Kozicz et al., 1998; Yanaihara et al., 1997 .

In another study, only a few urocortin-immunoreactive
neurons were found in the hypothalamus, but a dense fiber

Žnetwork was found in the lateral septal area Morin et al.,
.1999 . However, no fibers were observed in the medial

eminence or the pituitary. A summary of the distribution of
urocortin-containing cell groups is illustrated in Fig. 1.

The limited overlap between the distributions of CRF
and urocortin in the rat brain suggests that these two
peptides have distinct physiological roles, but the role of

Fig. 2. Comparison of the distribution of CRF and CRF binding sites in the brain. The localization of CRF receptors in the LC is based on primate data1 2 1
Ž . Ž . Ž .Sanchez et al., 1999 . Modified from Steckler and Holsboer 1999 . All abbreviations are taken from Paxinos and Watson 1982 .´
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urocortin has not yet been elucidated. Studies using antis-
era to urocortin have indicated that it is not a significant
mediator of ACTH release in response to foot-shock or

Žadrenalectomy Masuzawa et al., 1999; Turnbull et al.,
.1999 . In a recent study of CRF knockout mice, normal

and CRF-deficient mice had very similar distributions of
urocortin mRNA, as determined by in situ hybridization
Ž .Weninger et al., 1999 . There was no ectopic urocortin
mRNA expression in CRF-deficient mice in areas that
normally express CRF. However, urocortin mRNA in the
Edinger–Westphal nucleus was increased approximately

Ž .three-fold after 3 h restraint Weninger et al., 2000 .
Because the Edinger–Westphal nucleus is not known to
project to any brain regions believed to play a role in
anxiety-related behaviour, the existence of another CRF-

Ž .like molecule other than CRF and urocortin , has been
Ž .proposed Weninger et al., 1999, 2000 .

2.2. CRF receptor subtypes and their role in behaÕiour

The structure of the cDNA encoding the human pitu-
itary CRF receptor has been characterized by Chen et al.
Ž . Ž1993 . It encodes a 415-amino acid protein designated

.the CRF receptor . CRF receptors have also been identi-1 1
Žfied in the rat brain Chang et al., 1993; Perrin et al.,

. Ž .1993 . Lovenberg et al. 1995a identified a rat brain
cDNA clone that encodes a second CRF receptor. The
CRF receptor gene encodes a protein of 411 amino acids2

and has 70% identity with the rat CRF receptor over the1

entire coding region. An additional splice variant of the
CRF receptor with a different N-terminal domain, encod-2

ing a 431-amino acid protein, has been identified and
designated the CRF receptor. CRF and CRF receptors2b 1 2 a

Žclearly have different tissue distributions Lovenberg et al.,
.1995b . Prominent expression of the CRF receptor was2 a

found in the lateral septum, the ventromedial nucleus of
Žthe hypothalamus, and several amygdaloid nuclei Loven-

.berg et al., 1995b . CRF receptor mRNA was not de-2 a

tected in the neocortex and cerebral cortex, in contrast to
the high levels of CRF receptor expression in these1

Ž .regions Lovenberg et al., 1995b . Similarly, CRF recep-2 a

tor expression was almost undetected in the pituitary lobes,
Žwhere CRF receptor expression is high Chalmers et al.,1

.1995; Lovenberg et al., 1995b . Receptor binding studies
have also been performed to determine the distribution of

Žbinding sites for CRF and CRF receptors Gottowik et1 2

al., 1997; Grigoriadis et al., 1996; Primus et al., 1997;
.Rominger et al., 1998; Sanchez et al., 1999 . These data´

are summarized in Fig. 2.
CRF and CRF receptors differ in their regulation in1 2 a

response to a variety of stressors. Various stressors have
been shown to upregulate CRF mRNA in the paraventric-1

Žular nucleus of the hypothalamus Lacroix and Rivest,
.1996; Lee and Rivier, 1997; Mansi et al., 1996 , suggest-

ing that this receptor subtype might primarily mediate the
effect of stress on the hypothalamo-pituitary-adrenocortical

axis. The role of CRF receptors has been attributed2 a

largely to behaviours such as maternal deprivation and
feeding, since it was shown that CRF mRNA is de-2 a

creased in response to food deprivation and maternal depri-
Žvation in rats Eghbal-Ahmadi et al., 1997, 1998; Makino

.et al., 1998; Timofeeva and Richard, 1997 .
The role of CRF receptors in stress-related behaviours

has been assessed using various approaches: by blocking
the receptors using selective and nonselective receptor
antagonists; by downregulating expression of the receptor
protein using antisense oligonucleotides, and by producing
mice lacking specific receptors.

3. CRF receptor antagonists

The first CRF receptor antagonist described was a-heli-
Ž . Ž Ž .. Ž .cal CRF 9–41 ahCRF 9–41 Rivier et al., 1984 . At

high doses it prevented the CRF- and stress-induced ACTH
secretion from the pituitary and has been used in many
behavioural experiments. These studies provided support
for a role of CRF in behavioural and neuroendocrine

Žresponses to stress reviewed earlier Britton et al., 1986;
Heinrichs and Koob, 1992; Heinrichs et al., 1992; Koob et
al., 1993; Dunn and Berridge, 1990; Owens and Nemeroff,

.1991 . Other peptide CRF receptor antagonists became
w 12 21,38 37 xavailable later, such as D-Phe ,Nle ,CaMeLeu

Ž . Ž Ž ..hCRF 12–41 abbreviated as D-Phe CRF 12–41 , a more
potent antagonist of CRF receptors than ahCRF. Astressin,
w Ž . � 12 21,38 30 33 4 Žcyclo 30–33 D-Phe ,Nle ,Glu ,Lys hCRF 12 –
.x41 , is significantly more potent at inhibiting ACTH secre-

tion when administered peripherally than any of the other
Ž . Ž .analogs Gulyas et al., 1995 . However, ahCRF 9–41 ,

Ž .D-Phe CRF 12–41 and astressin bind to both subtypes of
CRF receptors and thus do not permit distinctions between

Ž .the roles of the specific CRF receptor subtypes Table 2 .
Several pharmaceutical companies performed a high-

speed screening of chemical libraries for CRF receptor
binding, yielding a group of compounds with specific

Ž .affinity for CRF receptor subtypes Table 2 . CP-154,5261
Ž Ž w xbutyl-ethyl- 2,5-dimethyl-7- 2,4,6-trimethylphenyl -7H-

w x . .pyrrolo 2,3-d pyrimidin-4-yl amine , was produced by
Ž .Pfizer Schulz et al., 1996 . Administered peripherally, this

compound penetrates the CNS and blocks the effect of
CRF on the acoustic startle reflex, used as an indicator of

Ž .fear and anxiety Schulz et al., 1996 . Interestingly, CP-
154,526 was able to block the CRF-induced increase in the

Ž . Žfiring rate of the locus coeruleus LC neurons Curtis et
.al., 1997 , suggesting that activation of the LC by CRF

might be mediated by CRF receptors located in or close to1

the LC. CP-154,526 has been demonstrated to have anxi-
olytic properties in studies using animal behavioural mod-

Žels involving stress Griebel et al., 1998; Lundkvist et al.,
.1996 . CP-154,526 has also been reported to have antide-

pressant effects in rats exposed to inescapable foot-shock
Ž .Mansbach et al., 1997 .
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Table 2
Pharmacological binding characteristics of CRF receptor antagonists

Ž . Ž .Compound K nM , CRF receptors K nM , CRF receptors Referencei 1 i 2

Ž . Ž .ahCRF 9–41 40 96.2 Behan et al., 1996
Ž . Ž .D-Phe-CRF 12–41 30 24 Behan et al., 1996

Ž .Astressin 2.0 Gulyas et al., 1995
Ž .CP154,526 2.7 )10 Schulz et al., 1996

a a Ž .CRA1000 15.7 )100,000 Okuyama et al., 1999
Ž .NBI27914 1.7 Chen et al., 1996
Ž .Antalarmin 1.9 Webster et al., 1996

b c Ž .Antisauvagine-30 1.4 153.6 Ruhmann et al., 1998¨

a IC50 for 125I-ovine CRF binding to pituitary and heart membranes.
b w125 0 xK displacing I-Tyr Svg.d
c w125 0 xK displacing I-Tyr oCRF.d

Ž ŽNBI27914 2-methyl-4 N-propyl-N-cyclopropane-
. Ž .methylamino - 5 - chloro - 6 - 2,4,6-trichloroanilino pyrimi-

.dine , another CRF receptor antagonist, chemically related
to CP-154,526, was synthesized by Neurocrine Bio-

Ž .sciences Chen et al., 1996 and later developed as a
Ž Žresearch tool as antalarmin N-butyl-N-ethyl- 2,5,6-trime-

. w x w xthyl - 7 - 2,4,6 - trimethylphenyl -7H-pyrrolo 2,3 -d pyrimi-
. Ž .din-4-yl-amine Webster et al., 1996 . It has been reported

that it binds specifically to CRF receptors and that it can1
Žsuppress CRF-induced ACTH release in vitro Webster et

.al., 1996 . This compound shows anxiolytic properties in
the elevated plus-maze and stress- and CRF-induced defen-

Ž .sive withdrawal behaviour Smagin et al., 1998b . Admin-
istration of antalarmin impaired both the induction and
expression of conditioned fear. In addition, antalarmin
blocked the enhancement of fear conditioning produced by
prior exposure to inescapable shock. Despite its be-
havioural effects, antalarmin had no effect on the in-
escapable shock-induced elevations of ACTH and cortico-

Ž .sterone Deak et al., 1999 , although it attenuated the
ŽACTH response to a brief period of restraint Webster et

.al., 1996 .
Ž w ŽRecently, CRA1000 2- N- 2-methylthio-4-isopro-

. x w Ž .pylphenyl - N-ethylamino - 4 - 4- 3-fluorophenyl -1,2,3,6-
. .tetrahydropyridin-1-yl -6-methylpyridimidine and

Ž w Ž .CRA1001 2- N - 2-bromo-4-isopropylphenyl -N -
x w Ž .ethylamino - 4- 4- 3-fluorophenyl - 1,2,3,6-tetrahydropyri-

. .din-1-yl -6-methylpyrimidine , new CRF selective recep-1
Ž .tor antagonists have been described Okuyama et al., 1999 .

They bind to CRF receptors with high specificity. In1

studies in mice, CRA1000 and CRA1001, administered
orally, reversed the swim stress-induced reduction of the
time spent in the light area in the lightrdark box. How-
ever, they had no effect on the time spent in the light area
in the same task. Orally administered to rats, these com-
pounds reversed the CRF-induced reduction of time spent

Žin open arms in elevated plus-maze Okuyama et al.,
.1999 .

w 11 12 xA selective antagonist, D-Phe ,His Svg , di-Ž11 – 40.
rected against CRF receptors has recently been devel-2b

oped. This antagonist has been called antisauvagine-30
Ž .Ruhmann et al., 1998 . It binds to CRF receptors with a¨ 2b

Ž . Žhigher affinity 109:1 than to CRF receptors Ruhmann¨1
.et al., 1998 . In context- and tone-dependent fear condi-

tioning of mice, the enhanced retention caused by injec-
tions of CRF into the dorsal hippocampus before training
was blocked by astressin, but not by antisauvagine-30
Ž .Radulovic et al., 1999 . In contrast, the impairment of fear
conditioning observed after intraseptal application of CRF
was mediated by CRF receptors, as indicated by the2

ability of both astressin and antisauvagine-30 to block this
effect. Using antisauvagine-30, originally developed as a
selective CRF2b receptor antagonist, indicates that CRF2

a and b splice variants share similar ligand-binding prop-
Ž .erties Donaldson et al., 1996 .

3.1. Antisense oligonucleotides

Because of the lack of potent CRF receptor antagonists2

until recently, studies of the role of these receptors in
behavioural responses were addressed using antisense
oligonucleotide administration. This technique has been
used to downregulate the expression of CRF and CRF1 2

receptors. Several reports demonstrate that intracere-
Ž .broventricular icv administration of antisense oligo-

nucleotides to CRF receptors have anxiolytic effects.1

These effects are associated with decreased CRF binding
Ž .in the hypothalamus and cortex Schobitz et al., 1997 .¨

Infusion of CRF , but not CRF receptor antisense oligo-1 2

nucleotides has an anxiolytic effect in the elevated plus-
Ž .maze after social defeat Liebsch et al., 1999 . Taken

together, studies with the antisense oligonucleotides to
CRF receptors confirm the findings with selective CRF1 1

antagonists, that anxiety-like behaviors are mediated by
CRF receptors.1

The functional significance of CRF receptors remains2

unclear. It has been suggested that CRF receptors play a2

role in anxiety-like behaviours, since the administration of
Žurocortin, which has a higher affinity for CRF receptors2
. Žthan CRF produced anxiogenic effects in mice Moreau et
.al., 1997 . However, downregulation of CRF receptors2

Ždid not affect anxiety-like behaviours Heinrichs et al.,
.1992; Liebsch et al., 1999 . Furthermore, there were no
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effects on general locomotor activity in an open field or on
Žthe spatial learning in a Morris water-maze Liebsch et al.,

.1999 . However, CRF receptor antisense oligonucleotide2

treatment selectively affected performance of rats in the
forced swim test without influencing other behaviours,
suggesting a role for CRF receptors in coping behaviour2

Ž .in stressful situations Liebsch et al., 1999 . Smagin et al.
Ž .1998a studied feeding responses and demonstrated that
the suppression of food intake induced by either icv injec-
tions of CRF or urocortin can be significantly attenuated
by icv administration of antisense oligonucleotides to
CRF , but not by administration of the selective CRF2 1

antagonist, NBI27914.

4. Receptor-deficient mice

Generation of CRF -receptor-deficient mice has been1
Žreported by two groups Smith et al., 1998; Timpl et al.,

.1998 . Timpl et al. generated a mouse with a truncated
protein instead of functional CRF receptor, unable to1

activate adenylyl cyclase. Smith et al. replaced the last 12
amino acids of the first extracellular domain, which re-
sulted in a non-functional CRF receptor protein. Both1

groups obtained similar results in behavioural tests. When
tested in the light–dark box, mice lacking CRF receptors1

showed less anxiety-related behaviour. In the elevated
plus-maze, CRF receptor-deficient mice visited and spent1

more time in the open arms of the apparatus, indicating a
Ž .reduced anxiety response Smith et al., 1998 . In another

test, mice were subjected to a forced alcohol-drinking
procedure and tested under withdrawal conditions in the
light–dark box. During withdrawal, CRF receptor-defi-1

cient mice showed a lower latency to enter the lighted
compartment that wild type mice made more entries and

Žspent more time within the lighted compartment Timpl et
.al., 1998 .

5. Conclusions and perspectives

The evidence provided above is insufficient to fully
understand the role of CRF receptor subtypes in the be-
havioural responses in stress. The lack of pharmacological
tools, such as specific CRF agonists and a limited number2

of CRF antagonists, as well as specific CRF agonists2 1

have hindered studies of the functions of the receptor
subtypes. Studies of CRF-deficient mice have shown that
mice lacking CRF express minimal impairments in their
behaviour and in responding to stressors and administra-

Žtion of CRF or urocortin Dunn and Swiergiel, 1999;
.Swiergiel and Dunn, 1999; Weninger et al., 1999 . More-

over, the expression of urocortin is not changed in CRF
knockout mice, suggesting that urocortin does not usurp

Žthe role of CRF in the behavioural responses Weninger et
.al., 1999 . It has been proposed that another peptide or

peptides can act through CRF receptors to elicit be-
Žhavioural responses in the absence of CRF Weninger et

.al., 1999; Dunn and Swiergiel, 1999 . Steckler and Hols-
Ž .boer 1999 have suggested that CRF receptors may be1

more concerned with cognitive aspects of behaviour, in-
cluding attention, executive functions, emotions, and possi-
bly, learning and memory, while CRF receptors primarily2

influence processes necessary for survival, including feed-
ing, reproduction and defense.

Development of new potential CRF receptor agonistsr
antagonist, as well as studies of CRF receptor deficient2

mice and the search for new peptides from the CRF family
will help us to understand the role of CRF in stress-related
behavioural processes, and in the development of new
therapeutic approaches to treat stress-related diseases.

References

Behan, D.P., Grigoriadis, D.E., Lovenberg, T., Chalmers, D., Heinrichs,
S., Liaw, C., De Souza, E.B., 1996. Neurobiology of corticotropin-re-

Ž .leasing factor CRF receptors and CRF-binding protein: implications
for the treatment of CNS disorders. Mol. Psychiatry 1, 265–277.

Britton, K.T., Lee, G., Vale, W., Rivier, J., Koob, G.F., 1986. Corti-
Ž .cotropin releasing factor CRF receptor antagonist blocks activating

and ’anxiogenic’ actions of CRF in the rat. Brain Res. 369, 303–306.
Chalmers, D.T., Lovenberg, T.W., De Souza, E.B., 1995. Localization of

Ž .novel corticotropin-releasing factor receptor CRF mRNA expres-2

sion to specific subcortical nuclei in rat brain: comparison with CRF1

receptor mRNA expression. J. Neurosci. 15, 6340–6350.
Chang, C.P., Pearse, R.V., O’Connell, S., Rosenfeld, M.G., 1993. Identi-

fication of a seven transmembrane helix receptor for corticotropin-re-
leasing factor and sauvagine in mammalian brain. Neuron 11, 1187–
1195.

Chen, C., Dagnino, R., De Souza, E.B., Grigoriadis, D.E., Huang, C.Q.,
Kim, K.-I., Liu, Z., Moran, T., Webb, T.R., Witten, J.P., Xie, Y.F.,
McCarthy, J.R., 1996. Design and synthesis of a series of non-peptide
high-affinity human corticotropin-releasing factor-1 receptor antago-
nists. J. Med. Chem. 39, 4358–4360.

Chen, R., Lewis, K.A., Perrin, M.H., Vale, W.W., 1993. Expression
cloning of a human corticotropin-releasing-factor receptor. Proc. Natl.
Acad. Sci. U. S. A. 90, 8967–8971.

Curtis, A.L., Lechner, S.M., Pavcovich, L.A., Valentino, R.J., 1997.
Activation of the locus coeruleus noradrenergic system by intra-
coerulear microinfusion of corticotropin-releasing factor: effects on
discharge rate, cortical norepinephrine levels and cortical electroen-
cephalographic activity. J. Pharmacol. Exp. Ther. 281, 163–172.

De Souza, E.B., 1995. Corticotropin-releasing factor receptors: physiol-
ogy, pharmacology, biochemistry and role in central nervous system
and immune disorders. Psychoneuroendocrinology 20, 789–819.

Deak, T., Nguyen, K.T., Ehrlich, A.L., Watkins, L.R., Spencer, R.L.,
Maier, S.F., Licinio, J., Wong, M.L., Chrousos, G.P., Webster, E.,
Gold, P.W., 1999. The impact of the nonpeptide corticotropin-releas-
ing hormone antagonist antalarmin on behavioral and endocrine re-
sponses to stress. Endocrinology 140, 79–86.

Donaldson, C.J., Sutton, S.W., Perrin, M.H., Corrigan, A., Lewis, K.A.,
Rivier, J.E., Vaughan, J.M., Vale, W.W., 1996. Cloning and charac-
terization of human urocortin. Endocrinology 137, 2167–2170.

Dunn, A.J., Berridge, C.W., 1990. Physiological and behavioral responses
to corticotropin-releasing factor administration: is CRF a mediator of
anxiety or stress responses? Brain Res. Rev. 15, 71–100.

Dunn, A.J., Swiergiel, A.H., 1999. Behavioral responses to stress are
intact in CRF-deficient mice. Brain Res. 845, 14–20.

Eghbal-Ahmadi, M., Hatalski, C.G., Avishai-Eliner, S., Baram, T.Z.,
Ž .1997. Corticotropin releasing factor receptor type II CRF messen-2



( )G.N. Smagin, A.J. DunnrEuropean Journal of Pharmacology 405 2000 199–206 205

ger ribonucleic acid levels in the hypothalamic ventromedial nucleus
of the infant rat are reduced by maternal deprivation. Endocrinology

w138, 5048–5051, published erratum appears in Endocrinology 1998
Ž . xJan; 139 1 :136 .

Eghbal-Ahmadi, M., Hatalski, C.G., Lovenberg, T.W., Avishai-Eliner, S.,
Chalmers, D.T., Baram, T.Z., 1998. The developmental profile of the

Ž .corticotropin releasing factor receptor CRF in rat brain predicts2

distinct age-specific functions. Brain Res. Dev. Brain Res. 107,
81–90.

Gottowik, J., Goetschy, V., Henriot, S., Kitas, E., Fluhman, B., Clerc,
R.G., Moreau, J.L., Monsma, F.J., Kilpatrick, G.J., 1997. Labelling of

w3 xCRF1 and CRF2 receptors using the novel radioligand, H -urocor-
tin. Neuropharmacology 36, 1439–1446.

Griebel, G., Perrault, G., Sanger, D.J., 1998. Characterization of the
behavioral profile of the non-peptide CRF receptor antagonist CP-
154,526 in anxiety models in rodents. Comparison with diazepam and
buspirone. Psychopharmacology 138, 55–66.

Grigoriadis, D.E., Liu, X.J., Vaughn, J., Palmer, S.F., True, C.D., Vale,
W.W., Ling, N., De Souza, E.B., 1996. 125I-Tyr0-sauvagine: a novel
high affinity radioligand for the pharmacological and biochemical
study of human corticotropin-releasing factor 2a receptors. Mol.
Pharmacol. 50, 679–686.

Gulyas, J., Rivier, C., Perrin, M., Koerber, S.C., Sutton, S., Corrigan, A.,
Lahrichi, S.L., Craig, A.G., Vale, W., Rivier, J., 1995. Potent,
structurally constrained agonists and competitive antagonists of corti-
cotropin-releasing factor. Proc. Natl. Acad. Sci. U. S. A. 92, 10575–
10579.

Heinrichs, S.C., Koob, G.F., 1992. Corticotropin-releasing factor modu-
lates dietary preference in nutritionally and physically stressed rats.
Psychopharmacology 109, 177–184.

Heinrichs, S.C., Pich, E.M., Miczek, K.A., Britton, K.T., Koob, G.F.,
1992. Corticotropin-releasing factor antagonist reduces emotionality
in socially defeated rats via direct neurotropic action. Brain Res. 581,
190–197.

Heinrichs, S.C., Richard, D., 1999. The role of corticotropin-releasing
factor and urocortin in the modulation of ingestive behavior. Neu-
ropeptides 33, 350–359.

Holsboer, F., 1999. The rationale for corticotropin-releasing hormone
Ž .receptor CRH-R antagonists to treat depression and anxiety. J.

Psychiatr. Res. 33, 181–214.
Kageyama, K., Bradbury, M.J., Zhao, L., Blount, A.L., Vale, W.W.,

1999. Urocortin messenger ribonucleic acid: tissue distribution in the
rat and regulation in thymus by lipopolysaccharide and glucocorti-
coids. Endocrinology 140, 5651–5658.

Koob, G.F., Bloom, F.E., 1985. Corticotropin-releasing factor and behav-
ior. Fed. Proc. 44, 259–263.

Koob, G.F., Heinrichs, S.C., Pich, E.M., Menzaghi, F., Baldwin, H.,
Miczek, K., Britton, K.T., 1993. The role of corticotropin-releasing
factor in behavioural responses to stress. In: Chadwick, D.J., Marsh,

Ž .J., Ackrill, K. Eds. , Corticotropin-Releasing Factor vol. 172 Wiley,
London, pp. 277–295.

Kozicz, T., Yanaihara, H., Akimura, A., 1998. Distribution of urocortin-
like immunoreactivity in the central nervous system of the rat. J.
Comp. Neurol. 391, 1–10.

Lacroix, S., Rivest, S., 1996. Role of cyclo-oxygenase pathways in the
stimulatory influence of immune challenge on the transcription of a
specific CRF receptor subtype in the rat brain. J. Chem. Anat.10,
53–71.

Lee, S., Rivier, C., 1997. Alcohol increases the expression of type 1, but
Ž .not type 2 alpha corticotropin-releasing factor CRF receptor messen-

ger ribonucleic acid in the rat hypothalamus. Mol. Brain Res. 52,
78–89.

Liang, K.C., Lee, E.H.Y., 1988. Intra-amygdala injections of corti-
cotropin releasing factor facilitate inhibitory avoidance learning and
reduce exploratory behavior in rats. Psychopharmacology 96, 232–
236.

Liebsch, G., Landgraf, R., Engelmann, M., Lorscher, P., Holsboer, F.,

1999. Differential behavioral effects of chronic infusion of CRH1 and
CRH2 receptor antisense oligonucleotides into the rat brain. J. Psychi-
atr. Res. 33, 153–163.

Lovenberg, T.V., Liaw, C.W., Grigoriadis, D.E., Clevenger, W.,
Chalmers, D.T., De Souza, E.B., Oltersdorf, T., 1995a. Cloning and
characterization of a functionally distinct corticotropin-releasing fac-
tor receptor subtype from rat brain. Proc. Natl. Acad. Sci. U. S. A. 92,
836–840.

Lovenberg, T.W., Chalmers, D.T., Liu, C., De Souza, E.B., 1995b.
CRF2a and CRF2b receptor mRNAs are differentially distributed
between the rat central nervous system and peripheral tissues. En-
docrinology 139, 4139–4142.

Lundkvist, J., Chai, Z., Teheranian, R., Hasanvan, H., Bartfai, T., Jenck,
F., Widmer, U., Moreau, J.-L., 1996. A non peptidic corticotropin
releasing factor receptor antagonist attenuates fever and exhibits
anxiolytic-like activity. Eur. J. Pharmacol. 309, 195–200.

Makino, S., Nishiyama, M., Asaba, K., Gold, P.W., Hashimoto, K., 1998.
Altered expression of type 2 CRH receptor mRNA in the VMH by
glucocorticoids and starvation. Am. J. Physiol. 275, R1138–1145.

Mansbach, R.S., Brooks, E.N., Chen, Y.L., 1997. Antidepressant-like
effects of CP-154,526, a selective CRF receptor antagonist. Eur. J.1

Pharmacol. 323, 21–26.
Mansi, J.A., Rivest, S., Drolet, G., 1996. Regulation of corticotropin-re-

Ž .leasing factor type 1 CRF1 receptor messenger ribonucleic acid in
the paraventricular nucleus of rat hypothalamus by exogenous CRF.
Endocrinology 137, 4619–4629.

Masuzawa, M., Oki, Y., Ozawa, M., Watanabe, F., Yoshimi, T., 1999.
Corticotropin-releasing factor but not urocortin is involved in
adrenalectomy-induced adrenocorticotropin release. J. Neuroen-
docrinol. 11, 71–74.

Merchenthaler, I., Hynes, M.A., Vigh, S., Schally, A.V., Petrusz, P.,
1983. Immunocytochemical localization of corticotropin releasing

Ž .factor CRF in the rat spinal cord. Brain Res. 275, 373–377.
Merchenthaler, I., Hynes, M.A., Vigh, S., Schally, A.V., Petrusz, P.,

Ž .1984. Corticotropin releasing factor CRF : origin and course of
Ž .afferent pathways to the median eminence ME of the rat hypothala-

mus. Neuroendocrinology 39, 296–306.
Merchenthaler, I., Vigh, S., Petrusz, P., Schally, A.V., 1982. Immunocy-

Ž .tochemical localization of corticotropin-releasing factor CRF in the
rat brain. Am. J. Anat. 165, 385–396.

Moreau, J.L., Kilpatrick, G., Jenck, F., 1997. Urocortin, a novel neu-
ropeptide with anxiogenic-like properties. Neuroreport 8, 1697–1701.

Morin, S.M., Ling, N., Liu, X.J., Kahl, S.D., Gehlert, D.R., 1999.
Differential distribution of urocortin-and corticotropin-releasing fac-
tor-like immunoreactivities in the rat brain. Neuroscience 92, 281–291.

Okuyama, S., Chaki, S., Kawashima, N., Suzuki, Y., Ogawa, S., Nakazato,
A., Kumagai, T., Ikubo, T., Tomisawa, K., 1999. Receptor binding,
behavioral, and electrophysiological profiles of nonpeptide corti-
cotropin-releasing factor subtype 1 receptor antagonists CRA1000 and
CRA1001. J. Pharmacol. Exp. Ther. 289, 926–935.

Owens, M.J., Nemeroff, C.B., 1991. Physiology and pharmacology of
corticotropin-releasing factor. Pharmacol. Rev. 43, 425–473.

Paxinos, G., Watson, C., 1982. Rat brain in stereotaxic coordinates.
Academic Press, New York.

Perrin, M.H., Donaldson, C.J., Chen, R., Lewis, K.A., Vale, W.W., 1993.
Cloning and functional expression of a rat brain corticotropin releas-

Ž .ing factor CRF receptor. Endocrinology 133, 3058–3061.
Primus, R.J., Yevich, E., Baltazar, C., Gallager, D.W., 1997. Autoradio-

graphic localization of CRF and CRF binding sites in adult rat1 2

brain. Neuropsychopharmacology 17, 308–316.
Radulovic, J., Ruhmann, A., Liepold, T., Spiess, J., 1999. Modulation of

Ž .learning and anxiety by corticotropin-releasing factor CRF and
stress: differential roles of CRF receptors 1 and 2. J. Neurosci. 19,
5016–5025.

Rivier, J., Rivier, C., Vale, W., 1984. Synthetic competitive antagonists
of corticotropin-releasing factor: effect on ACTH secretion in the rat.
Science 224, 889–891.



( )G.N. Smagin, A.J. DunnrEuropean Journal of Pharmacology 405 2000 199–206206

Rominger, D.H., Rominger, C.M., Fitzgerald, L.W., Grzanna, R., Largent,
w125 xB.L., Zaczek, R., 1998. Characterization of I Sauvagine binding to

CRH receptors: membrane homogenate and autoradiographic stud-2

ies. J. Pharmacol. Exp. Ther. 286, 459–468.
Ruhmann, A., Bonk, I., Lin, C.R., Rosenfeld, M.G., Spiess, J., 1998.¨

Structural requirements for peptidic antagonists of the corticotropin-
Ž .releasing factor receptor CRFR : development of CRFR2b-selective

antisauvagine-30. Proc. Natl. Acad. Sci. U. S. A. 95, 15264–15269.
Sakanaka, M., Shibasaki, T., Lederis, K., 1987. Corticotropin releasing

factor-like immunoreactivity in the rat brain as revealed by a modified
cobalt-glucose oxidase-diaminobenzidine method. J. Comp. Neurol.
260, 256–298.

Sanchez, M.M., Young, L.J., Plotsky, P.M., Insel, T.R., 1999. Autoradio-´
graphic and in situ hybridization localization of corticotropin-releas-
ing factor 1 and 2 receptors in nonhuman brain. J. Comp. Neurol.
408, 365–377.

Sawchenko, P.E., Swanson, L.W., 1985. Localization, colocalization, and
plasticity of corticotropin-releasing factor immunoreactivity in rat
brain. Fed. Proc. 44, 221–227.

Sawchenko, P.E., Swanson, L.W., 1990. Organization of CRF immunore-
active cells and fibers in the rat brain: immunohistochemical studies.

Ž .In: De Souza, E.B., Nemeroff, C.B. Eds. , Corticotropin-Releasing
Factor: Basic and Clinical Studies of a Neuropeptide. CRC Press,
Boca Raton, FL, pp. 29–52.

Schobitz, B., Pezeshki, G., Probst, J.C., Reul, J.M., Skutella, T., Stohr,¨
T., Holsboer, F., Spanagel, R., 1997. Centrally administered
oligodeoxynucleotides in rats: occurence of non-specific effects. Eur.
J. Pharmacol. 331, 97–107.

Schulz, D.W., Mansbach, R.S., Sprouse, J., Braselton, J.P., Collins, J.,
Corman, M., Dunaiskis, A., Faraci, S., Schmidt, A.W., Seeger, T.,
Seymour, P., Tingley, F.D. 3rd, Winston, E.N., Chen, Y.L., Heym, J.,
1996. CP-154,526: a potent and selective nonpeptide antagonist of
corticotropin-releasing factor receptors. Proc. Natl. Acad. Sci. U. S.
A. 93, 10477–10482.

Smagin, G.N., Howell, L.A., Ryan, D.H., De Souza, E.B., Harris, R.B.,
1998a. The role of CRF2 receptors in corticotropin-releasing factor-
and urocortin-induced anorexia. Neuroreport 9, 1601–1606.

Smagin, G.N., Ryan, D.H., De Souza, E.B., Harris, R.B.S., 1998b. The
role of CRF1 receptors in restraint-, CRF- and urocortin-induced
anxiety-like behaviors. Soc. Neurosci. Abstr. 24, 1198.

Smith, G.W., Aurby, J.-M., Dellu, F., Contarino, A., Bilezikjian, L.M.,
Gold, L.H., Chen, R., Marchuk, Y., Hauser, C., Bentley, C.A.,
Sawchenko, P.E., Koob, G.F., Vale, W., Lee, K.-F., 1998. Corti-
cotropin-releasing factor receptor 1-deficient mice display decreased
anxiety, impaired stress response and aberrant neuroendocrine devel-
opment. Neuron 20, 1093–1102.

Steckler, T., Holsboer, F., 1999. Corticotropin-releasing hormone recep-
tor subtypes and emotion. Biol. Psychiatry 46, 1480–1508.

Sutton, R.E., Koob, G.F., Le Moal, M., Rivier, J., Vale, W., 1982.
Corticotropin releasing factor produces behavioural activation in rats.
Nature 297, 331–333.

Swanson, L.W., Sawchenko, P.E., Rivier, J., Vale, W.W., 1983. Organi-
zation of ovine corticotropin-releasing factor immunoreactive cells
and fibers in the rat brain: an immunohistochemical study. Neuroen-
docrinology 36, 165–186.

Swiergiel, A.H., Dunn, A.J., 1999. CRF-deficient mice respond like
wild-type mice to hypophagic stimuli. Pharmacol. Biochem. Behav.
64, 59–64.

Timofeeva, E., Richard, D., 1997. Functional activation of CRH neurons
and expression of the genes encoding CRH and its receptors in

Ž . Ž .food-deprived lean Far? and obese far fa Zucker rats. Neuroen-
docrinology 66, 327–340.

Timpl, P., Spanagel, R., Sillaber, I., Kresse, A., Reul, J.M.H.M., Stalla,
G.K., Blanquet, V., Steckler, T., Holsboer, F., Wurst, W., 1998.
Impaired stress response and reduced anxiety in mice lacking a
functional corticotropin-releasing hormone receptor 1. Nat. Genet. 19,
162–166.

Turnbull, A.V., Vaughan, J., Rivier, J.E., Vale, W.W., Rivier, C., 1999.
Urocortin is not a significant regulator of intermittent electrofoot-
shock-induced adrenocorticotropin secretion in the intact male rat.
Endocrinology 140, 71–78.

Vale, W., Spiess, J., Rivier, C., Rivier, J., 1981. Characterization of a
41-residue ovine hypothalamic peptide that stimulates secretion of
corticotropin and beta-endorphin. Science 213, 1394–1397.

Vaughan, J., Donaldson, C., Bittencourt, J., Perrin, M.H., Lewis, K.,
Sutton, S., Chan, R., Turnbull, A.V., Lovejoy, D., Rivier, C., Rivier,
J., Sawchenko, P.E., Vale, W., 1995. Urocortin, a mammalian neu-
ropeptide related to fish urotensin I and to corticotropin-releasing
factor. Nature 378, 287–292.

Webster, E.L., Lewis, D.B., Torpy, D.J., Zachman, E.K., Rice, K.C.,
Chrousos, G.P., 1996. In vivo and in vitro characterization of anta-

Ž .larmin, a nonpeptide corticotropin-releasing hormone CRH receptor
antagonist: suppression of pituitary ACTH release and peripheral
inflammation. Endocrinology 137, 5747–5750.

Weninger, S.C., Dunn, A.J., Muglia, L.J., Dikkes, P., Miczek, K.A.,
Swiergiel, A.H., Berridge, C.W., Majzoub, J.A., 1999. Stress-induced

Ž .behaviors require the corticotropin-releasing hormone CRH recep-
tor, but not CRH. Proc. Natl. Acad. Sci. U. S. A. 96, 8283–8288.

Weninger, S.C., Peters, L.L., Majzoub, J.A., 2000. Urocortin expression
in the Edinger–Westphal nucleus is up-regulated by stress and corti-
cotropin-releasing hormone deficiency. Endocrinology 141, 256–263.

Wong, M.L., al-Shekhlee, A., Bongiorno, P.B., Esposito, A., Khatri, P.,
Sternberg, E.M., Gold, P.W., Licinio, J., 1996. Localization of uro-
cortin messenger RNA in rat brain and pituitary. Mol. Psychiatry 1,
307–312.

Yamamoto, H., Maeda, T., Fujimura, M., Fujimiya, M., 1998. Urocortin-
like immunoreactivity in the substantia nigra, ventral tegmental area
and Edinger–Westphal nucleus of rat. Neurosci. Lett. 243, 21–24.

Yanaihara, H., Kozicz, T., Vigh, S., Arimura, A., 1997. The distribution
of urocortin-like immunoreactivity in the central nervous system of
the rat. Soc. Neurosci. Abstr. 23, 1492.


